Introduction
Skull base surgery has evolved rapidly over the past two decades, utilizing advances in optics, materials, instrumentation, and surgical navigation. This has been particularly apparent in pituitary surgery. Skull base centers have demonstrated impressive endoscopic transnasal access to regions around the pituitary, such as Meckel's cave. 1 Transnasal endoscopic approaches continue to develop and improve access to new anatomical locations, and new approach portals are being developed that also provide excellent visualization and access to skull base targets. Access to a target is not the sole determinant of a successful surgical outcome. Intrinsic characteristics of the pathology, such as tumor aggressiveness and physical consistency, are all critical parameters.
2 Multiportal endoscopic techniques offer the ability to approach, visualize, and manipulate pathology from various perspectives, which could lead to improved surgical outcomes. The goal of multiportal approaches is to improve the surgeon's ability to access, visualize, and manipulate a Keywords ► computer model ► pituitary ► sella ► anterior skull base ► approach planning ► virtual endoscopy ► multiportal
Abstract
Skull base surgical approaches have evolved significantly to minimize collateral tissue damage and improve access to complex anatomic regions. Many endoscopic surgical portals have been described, and these can be combined in multiportal approaches that permit improved angles for visualization and instrumentation. To assist in the choice of entry portal and surgical pathway analysis, a three-dimensional computer model with virtual endoscopy was created. The model was evaluated on transnasal and transorbital approaches to access 11 specified sellar and parasellar target locations on 14 computed tomography (CT) scans. Data were collected on length of approach, angle between instruments, and approach angle with respect to anatomical planes. Optimal multiportal approach combinations were derived. The data demonstrated that the shortest, most direct pathway to many sellar and parasellar targets was through transorbital portals. Distances were reduced by 35% for certain target locations; combining transorbital and transnasal portals increased the angle between instruments 4-fold for many targets. The predicted values from the model were validated on four cadaver specimens. Computer modeling holds the potential to play an integral role in the design, analysis, and testing of new surgical approaches, as well as in the selection of optimal approach strategies for the unique pathology of individual patients.
surgical target while minimizing collateral damage. There are two main types of collateral damage: pathway trauma or target trauma. Pathway trauma refers to the damage incurred by the dissection to reach the target, including injuries associated with retraction and repetitive passage of instruments. Target trauma refers to damage to healthy adjacent tissue when manipulating the target pathology. Target trauma may be reduced by enhanced visualization and microsurgical dissection, but the degree of injury is largely dictated by the type of pathology. Pathway trauma, however, can be minimized by appropriate choice of surgical portals and pathways. Thus, to decrease collateral tissue damage, an emphasis should be placed on optimizing the selection of approach portal combinations that provide optimal visualization with the least possible tissue dissection and damage.
Many portals to access the skull base and brain have been described in addition to the transnasal approach. These include transoral, transorbital, supraorbital, transcervical, transhyoid, transmaxillary, and transventricular. Case reports of transnasal and transventricular combined approaches to remove large pituitary adenomas are examples of successful multiportal interventions that minimize collateral injury to healthy tissue. [3] [4] [5] [6] For other tumor locations in the skull base, the optimal choice of a surgical portal may not be intuitive; an approach may allow access to the desired location but may not be ideal in avoidance of critical neurovascular structures, dissection capability, visualization, or the angle of target manipulation. A method for evaluating and planning these multiportal approaches is needed. The utility of analyzing endonasal approaches with a three-dimensional computer model has been demonstrated in recent publications. A model was created for teaching purposes, surgical planning, and to determine the extent of bone removal required in the approach. 7, 8 Other researchers have created models to teach complex anatomy, such as that encountered in a transpetrosal surgical approach. 9,10 Simulators for sinus surgery have been developed with integrated haptic feedback for teaching purposes. 11 A radioanatomic study has quantified approach angles to determine the extent of maxillectomy necessary to reach locations in the infratemporal fossa.
12 Patient-specific virtual visualization for presurgical rehearsal and planning has been found to be helpful in the resection of cerebral gliomas. 13 Other methods to quantify approaches have included the development of a scoring system that grades the quality of an approach in cadaver anatomical studies.
14
A model offers the potential to solve problems in a systematic way by considering access to a specific region in the skull base as a complex three-dimensional problem that has variables and constraints. In theory, an optimal surgical approach exists that is a function of target location, anatomy, and surgical portals. Our goal is to create an algorithm within the model that solves this complex problem to optimize visualization and the ability to perform surgical tasks at the target location. The result may be a new approach or approach combination, and a computer model is a logical environment to first perform analyses and feasibility tests.
With hundreds of potential skull base targets and over 20 surgical portals described to date, there are thousands of possible approach combinations that must be considered in the model. To simplify for this initial analysis, one region was chosen and the number of portals was limited. Regions adjacent to the sella were chosen because they are locations that frequently require surgical access. Although transnasal approaches are most commonly used for this region, prior studies have demonstrated an improved working area in this region utilizing a supraorbital portal. 15, 16 Transorbital approaches follow the contour of the bony orbit and offer safe approaches to these regions while also providing a wide range of approach angles. [17] [18] [19] The surgical portals chosen for inclusion in the model in this study were two transnasal and eight transorbital (four around each orbit).
Methods
A computer model was created using iNtellect Cranial Navigation (Version 1.1-14, Stryker Corporation, Kalamazoo, MI, USA) software that generates a three-dimensional coordinate system, good spatial visualization, and the ability to show approach vectors, define volumes, and perform virtual endoscopy. Fourteen CT scans of normal skull base anatomy (eight males and six females, age range 23 to 65) were used to generate normative data. The pituitary gland, internal carotid arteries, cavernous sinuses, and optic nerves and chiasm were defined as three-dimensional volumes in the model. Eleven specific locations of the sella and parasellar regions were evaluated and labeled for visualization (►Table 1). These were chosen as locations that complex pituitary lesions may extend into, and an optimized multiportal approach could be defined for each. The 10 possible surgical portals (two nasal and eight transorbital) were defined at their entry point at the skin or nasal vestibule. The transnasal entry points were defined as lateral as possible at the nasal vestibule, limited laterally by the pyriform aperture in the approach vector. The transorbital portal entry points were placed at the four quadrants, previously described as precaruncular (medial), superior lid crease (superior), lateral retrocanthal (lateral), and preseptal (inferior). 17 The 10 entry portals were systematically visualized for each target location. Combinations were limited to one approach per orbit so that retraction on the globe was due to only one portal. The combinations were assessed for gross feasibility. Virtual endoscopy was performed through each portal, visualizing the target location and the vectors of approach as instruments reached the target from the other portals in that combination. Approach combinations for each target location were derived using the criteria listed in ►Table 2.
Of the feasible combinations, the (x, y, z) coordinates were recorded for each portal entry point and the target location point. The process was then repeated for all 11 target locations. Midsagittal and skull base planes were defined by choosing points in the midline at the crista galli and posterior internal occipital protuberance, and between the posterior clinoid processes as well as the tuberculum sellae, respectively. These points were used to define the coordinate system with respect to sagittal and skull base anatomic planes. This later permitted approach angle calculations with respect to these planes. ►Fig. 1 shows all 10 entry portals with approach vectors to the prechiasmatic location.
For each CT scan, there were 11 targeted locations, 10 entry portal locations, 4 points to define anatomic planes totaling 25 (x, y, z) data points. ►Fig. 2 shows the software interface where the data points were chosen and exported. In addition, for each target location, the optimal multiportal combinations were recorded that satisfied the criteria in ►Table 2. This data was then processed with a Matlab (MathWorks, Natick, Massachusetts, USA) code written to compute the angle between vectors that defined the approach portal trajectories, the angle of the approach vector with respect to the defined anatomic planes, and the distances from the portal entry points to the target. The angles were calculated using the linear algebraic relationship between two vectors (A and B) in three-dimensional space and the angle between them (θ): cos (θ) ¼ A · B/kAk · kBk. Where A · B is the scalar product (dot product) of vectors A and B, and ||A|| denotes the magnitude of vector A.
A cadaver study was performed to test the approach configurations determined to be optimal with the computer model. CT scans were performed on four cadaver head specimens, and surgical navigation was used. These four CT scans were included in the above computer model data collection. The multiportal approaches to reach each target were demonstrated. While performing the operations on the cadaver specimens, distances to target locations were measured as well as intra-instrument distance, which was used to calculate the angle between instruments using the law of cosines. ►Figs. 3 and 4 are photographs demonstrating combinations of endoscope and instruments through various approach portals in a cadaver specimen.
Results
The analysis of 10 approaches to the 11 targets yielded over 100 distances and 1000 unique angle results. When evaluating the approach to a particular target, the number of portals possible was reduced to those deemed potentially feasible. Virtual endoscopy provided qualitative evaluation of approaches prior to being performed on a cadaver specimen. Only the approaches that satisfied the criteria in ►Table 2 were further analyzed on a cadaver specimen. Virtual endoscopy could be performed through any portal to access any target location, and it also permitted the visualization of vital structures incorporated into the model as well as the trajectory of instruments from other portals (►Fig. 5).
In the case of the left cavernous sinus as a target location, the portals that were selected for further analysis included bilateral transnasal, medial orbit, superior orbit, and lateral orbit portals. ►Fig. 6 shows the angles between instruments that are possible for the cavernous sinus target location. These ranged from 13.9 degrees in the case of the bilateral nasal portals to 58.7 degrees when utilizing a combination of medial and lateral orbit portals. Examining the approach angle created against a midsagittal plane, the range was The approach to Meckel's cave had the greatest number of possible approaches. Similar ranges in angles that were seen for the cavernous sinus target were also found for the Meckel's cave and superior optic fissure targets, 14.0 to 60.0 degrees and 16.2 to 76.1 degrees, respectively. The symmetric approach combinations were averaged for each target location, which incorporated anatomical information from 28 orbits from the 14 CT scans that were analyzed. For example, the calculations from a left nasal and right medial orbit combination to reach a left-sided target were averaged with the right nasal and left medial orbit combinations to reach a right-sided target.
The skull base plane was defined by the intersection of the tuberculum sellae and posterior clinoid processes. The approach angle with respect to this plane varied similarly for the three nonmidline targets and had a total range of approximately 33 degrees. In the case of the cavernous sinus target, nasal portals approached the plane from 17.2 degrees below (denoted as a negative number in ►Fig. 7c), medial orbit portals approached the plane from 4.6 degrees above (denoted positive), and superior orbit portals approached the plane from 15.7 degrees above.
The symmetric approaches for midline target locations (pre and postchiasmatic, third ventricle, basal cistern, and clivus) were averaged, incorporating anatomical information from 28 orbits on the 14 CT scans analyzed. For example, the right nasal and left medial orbit portals were averaged with the left nasal and right medial orbit portals for a given target. Angles between instruments varied from 14.7 degrees with bilateral nasal portals to 41.9 degrees with a nasal and superior orbit portal in approaching the prechiasmatic target location. One nasal portal and a contralateral medial orbit portal created an angle between instruments of 28.3 degrees, essentially the same (28.6 degrees) as the angle using bilateral medial orbit portals. Distances to targets for the prechiasmatic location ranged from 60.0 mm for the medial orbit portal to 93.2 mm for the nasal portal, which is a reduction of 36.0%. An incrementally lower percentage reduction was observed as the target was located more posterior and inferior. Reduction percentages in length from nasal to medial orbit portals for the postchiasmatic, third ventricle, basal cistern, and clivus target locations were 32.2%, 32.0%, 26.8%, and 20.9%, respectively.
The surgical approaches were performed on cadaver specimens for each target location. A direct comparison of the predicted angle from the model versus the physical measurements was done. These values were highly correlated (R and are displayed in scatterplots, showing standard deviation and measurement error in ►Figs. 8 and 9. The vertical error bars in the scatterplot represent the measurement errors and resultant error propagation due to measuring a distance to report an angle (calculated using the law of cosines). The measured values were estimated to have a linear measurement error of 4 mm. Since distance measurements were used to calculate the angle between instruments, the error for the measured angles varies based on the acuity of the angle as a function of the law of cosines. The horizontal error bars are due to the estimated variance in reproducibly selecting an anatomical location on a CT scan; this was set to 2 mm.
Discussion
Although the idea of "minimally invasive" surgery is laudable, it is the nature of the pathology that dictates the invasiveness of a surgical approach. A realistic goal, however, is minimally disruptive surgery, and this is achieved by minimizing iatrogenic trauma. Surgical trauma can be minimized during two primary stages of the surgery; creation of the pathway to the target, and manipulation of the target. The use of computer modeling can aid in the performance of minimally disruptive surgery in both of these stages. With preoperative analysis, the shortest, most direct, and safest surgical pathways can be chosen, tested and practiced with virtual endoscopy; these can be combined as indicated in multiportal techniques. In the same manner, the angles of target visualization can be analyzed for adequacy, and the angles of surgical manipulation can be assessed to optimize the chances for a successful surgical outcome. The choice of safe, effective surgical access to the skull base with minimal collateral tissue damage can be considered as a complex geometric problem. There are many variables and constraints that include patient anatomy, possible surgical approaches, and target location within the skull base. The goal of this work was to create a model that includes the variables and constraints to find a solution that optimizes surgical access and visualization for given target locations.
The model created for this study provides a method to visualize and quantify approach combinations by calculating angles between instruments, approach angles with respect to anatomical planes, and length of approaches. The model was used to evaluate multiportal approach combinations for 11 specific locations in the sella and parasellar regions for 14 CT scans. The model was then tested on four cadaver specimens, and the calculations were found to be accurate and the approaches surgically feasible.
With the addition of transorbital to the available transnasal portals, the range of possible approach angles to a target increases substantially. A wide range of possible approach vectors offers the opportunity to choose portals that will optimize approach angles with respect to anatomical planes, but also to choose portals that will permit improved dissection capabilities. For certain lesions, it may be best to visualize or dissect perpendicular to a surface, and for others, to approach in a coplanar fashion. Expanded endonasal approaches have successfully accessed many of the targeted locations analyzed in this study, but the target manipulation capabilities through these approaches may not be optimal. When the tips of two instruments are working in coordination near the sella through transnasal approaches, the working depth is about 9 cm from the surface portal (the naris). The angle between the instruments in this situation is less than 15 degrees due to the lateral bone constraints at the pyriform aperture. This often results in hand or instrument tip collisions, especially when there are three or four instruments working simultaneously.
The angle between instruments that permits optimal dissection capabilities is a function of characteristics of the lesion and its location. A study that continuously recorded the orientation of instruments during open neurosurgical operations found a range of instrument angulation up to 73 degrees. 20 An endoscopic approach that minimizes collateral damage may not offer the full angulation of an open approach, but by choosing the appropriate portals it may be possible to recreate the angles needed for dissection in critical portions of the operation. In addition to analyzing approach angles, it is also important to consider instrument range of motion and the size of the surgical portal. The majority of the transorbital portals analyzed in this study are modifications of existing approaches used to repair orbital fractures. Retraction of the orbital contents in the transorbital skull base approaches does not significantly increase the amount of displacement compared with the standard techniques used for orbital fracture repair. This amount of retraction permits the passage of common instruments needed, including a 4-mm endoscope (up to 6 mm with irrigation sheath), 2 to 3 mm suction device, fine dissection instruments (2 to 4 mm each), and a drill or ultrasonic bone aspirator (3 to 5 mm each). Prior cases published on transorbital neuroendoscopic surgery (TONES) routinely used 3 to 4 of the above instruments simultaneously through transorbital portals with adequate range of motion, and none of these cases resulted in loss of visual acuity or diplopia.
17,18
A clinical application of this model is demonstrated in the following case: A 29-year-old female presented with visual field deficits, and on imaging was found to have a 1.5 cm cystic mass inferior and posterior to the optic chiasm (►Fig. 10).
Computer planning analysis of bilateral nasal and medial orbit portals (►Fig. 11) demonstrated the following: the distance to the target location was 99.9 mm and 67.8 mm for the transnasal and medial orbit portals, respectively; the approach angle was 23.7 degrees (transnasal) and 8.1 degrees (medial orbit) to the skull base plane; the possible angles between portals were 13.7 to 28.7 degrees (►Table 3). Of note, the entrance location for the orbit portal is approximated by the medial canthus; this represents the smallest angle possible when approaching a near-midline target, whereas the transnasal portal entrance location is placed as laterally (largest angle) as possible as constrained by the pyriform aperture for a near-midline target.
The modeling and visualization suggest that incorporating a medial orbit portal in this case will decrease the distance to the target by 32 mm (32%), double the angle between instruments, and approach from a vector 15.6 degrees superior compared with transnasal portals alone. An approach from a more superior vector may provide benefit in visualization, but also may require less manipulation and retraction of the pituitary gland. This approach would be nearly coplanar with the optic nerves and chiasm, potentially offering injury protection during mass excision.
This work represents a pilot study in the use of computer modeling to design and optimize surgical approaches to the skull base. This study is limited in that a relatively small number of targets in a localized region of the skull base were analyzed; however, the same methodology can be applied for all areas of the skull base. Similarly, the analysis of surgical portals was limited to two transnasal and eight transorbital pathways. This was necessary due to the exponentially increasing number of possible solutions with each added surgical portal and target location. Further advancements in the current labor-intensive process of choosing point locations, exporting, and processing data will make it possible to simultaneously analyze many more locations and surgical portals. Additional improvements to the model will include incorporating curved instruments, angled endoscopes, and haptic feedback to the user, offering information on tumor consistency.
An exciting future challenge will be to create an algorithm that searches for new portals and ideal portal combinations based on variables and constraints that can be inputted to account for the patient's individual anatomy and lesion location. Such programs currently exist for cardiothoracic and urologic surgery that help the surgeon optimally place the instrument and endoscope portals on the chest wall and abdomen. 21, 22 Future efforts will determine ideal working angles between instruments and the number of portals needed to perform specific surgical tasks. A simulated environment could be created based on anatomical constraints at the target site and the constraints from the instrument portals to test the ability to perform surgical tasks at various approach angles and distances from the target. This data would be valuable to incorporate into the analysis.
The model and the quantitative data describing the surgical approaches provide an opportunity to assess robotic surgical platforms on the skull base, which has had limited clinical success to date. This is mainly due to the large size of available robotic systems and their instruments, and the narrow funnel effect encountered when operating through binarial portals. Despite this, access to certain regions has been demonstrated using transoral, transcervical, and transmaxillary approaches to widen the angle between instruments. [23] [24] [25] [26] The angles computed in this study combining transnasal and transorbital portals were around 30 degrees or greater, compared with less than 15 degrees for binarial portals. This increased angulation may prove adequate to accommodate two or more robotic arms, even with the relatively large size of current robotic systems. 
Conclusions
A computer model was created to analyze and optimize combinations of transorbital and transnasal portals to surgically access 11 specific locations in the sellar and parasellar regions. The distances and approach angles for each pathway were computed. The model suggested that the use of the transorbital portals can significantly decrease the length to the target while widening the potential angle between instruments. These findings were tested and validated on four cadaver specimens, with confirmation of the model results.
Although the model was applied exclusively to the sella and parasellar region for this report, the methodology can be applied to any location in the skull base and brain. The results of this study suggest that computer modeling holds the potential to play an integral role in the design, analysis, and testing of new surgical approaches, as well as in the selection of optimal approach strategy for the unique pathology of an individual patient.
